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Fermilab Collider: Performance and Plans 

David A. Fiiy 
Fermi Nation$O&xxo~ratoato Laboratory* 

Batavia,‘iinois 60510 

Abstract 

The Fermihb 4lider pugram has completed its first physics run with two major detectors. CDF and DO. Recent perfonnanw of 
tbc Fermilab acceklerator complex during Run Is is prwented, atong with plans to tmtnwe the luminosity of the collider. The 
beam-beam bme shift limitationr of prwiov~ ND& have ken avoided by Ihe swaessful implemcoWion of electmrtatic sepantorr 
ia tk Tev@xon. ‘he simul~u opaatioo of two high hmhosity aectionr is povidad by two matched low beta inset% The 
Antipton Source has inmead its paformanca over the pm+,w run u md by stack size and strking rate. ‘Ibe Linr will 
be upgemkd from ZOO MeV ta 400 MeV in O&I to lcrwn the spaw charge tune shift upon injcctioo into the Booster and provide 
pton bcpmr with incruEcd intensity with the same emittance. Higher luminosity requires more bunches in the Tevpaon to again 
avoid the limitation due to the beam-k&m interaction. Until it in replaced with tbe Main Injector, the Main Ring will remain aa 
tbc most rignitiunt bottleneck on the performance of the collider. 

Current Performllnec 

The ptimaty accelerator goal for tlx most recent Tevatron 
collider NO, Run Ia was to deliver PO integrated 
luminosity of 25 pb-l to botb tbe CDF and DO detectors 
by the spring of 1993. 

.%emday gods fa the aozehata-s were: 

1) integrated luminosity of 1 pb-* per week, 

2) typical ittitial htrnimity of 5 x1030 cm-2 se&. and 

3) etliiient operation of both the CDF and DO detectors 
simttltaneously with qmca pmduction. 

Machine turn-w started April 20, 1992 and beam was 
injected onto separated orbits on May 26. llte low beta 
ittseniotts were omtnissiwed along with the sepatat~6, 
and six proton btmbes weat coIlidittg with six amiptorott 
bunches with an energy of 900 GeV per beam with 
LuRicient lumiwsity at the start of Run Ia 00 August 31, 
1992. Run Ia ended on May 31.1993. ‘IYE avaage initial 
luminosity over tbe last five mwtbs of the run was 5.4 x 
1030 cmm2 set-l after wing. The average irdegmged 
luminosity over the same period was 1.01 pb-l per week. 
Tbe toal lumordsity delivered to CDF was 31.7 pb-1, and 
that delivered to DO was ccapmbk. 

‘Loper;uea by the Universities Research hsociadon 
under contract with the U.S. Dqztment of Energy 

lie loitial leminosity delivered to the detectors routinely 
exoeeded SxldO cm-* set-1. This is demonshated in 
figure 1 which shows the iniU2J btmitmity for both tbe 
most recent run (labeled 1992) and the previous NO 
(labeled 1988). ‘Ihe “10X Running Average” means that 
tbe initial luminosities for a particular store and the nine 
previous stores are sttmmed, divided by ten, and plotted. 
This WCZ3&ig removes much of the scatter from store to 
store and presents a clearer picture of the underlying 
perfmmance of the accelerator complex. The initial 
btminosityisrccordedafterscrapittglttebeamstoreduce 
tie backgmmds at the two detectors. The nxmd initial 
luminosity for the rue was 9.22x1030 cm-2sec-1; 
however,lhisvaluedoesnotappearin~ggunldwtoibe 
averaging. The CDF luminosity is displayed; the 
luminosity for DO is comparable. The luminosity lifetime 
at the beginning of a store was typically 12 to 16 hours. 
aadithxasedaboutO.3bowperhottrdmhgtbestore. 

Flgtue 2 shows the imegmted luminosity for each week 
andfortheentirerun,forbocbihemoslrecentrunandthe 
prwiotts nut. ‘he integrated Iuminosity for Run Ia WBS 
31.7pb-*. ‘Ibeplateaunearweek22isduetoaschedolcd 
shutdown. ‘Ibe goal of loo0 rib-l per week WBE exceed& a 
dozen times, and one week achieved 2.33 pb-1. The 
&ctwse in weekly irttegmed hlmioosity atter week 33 was 
primarily due to a change in prog rammatic emphasis: 
namely, once the Run Ia goal of 25 pb -1 was achieved, 
the emphasis shifted fmm strictly producing integrated 
luminosity to performing machine studies appqniate for 
Ute next nut, Run Ib. 

Figure 2 shows the imegrated luminosity delivered to 
CDF. Approximately 70% of tbis was logged to tape. 
DO logged about 20% less than CDF prharily due to tbe 



Figure 1. 1992 6 1988 Initial Tevatron Luminosity 
(10X Running Average) 
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Fiaure 2. 1992 8 1988 Tevatron Integrated Luminosity 
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bIanking required when Maio Ring beam passes tbmugb 
the Do detector during antiproton stacking. ‘Ihe concern 
that the DO detector may not be able to ran at ail during 
stacking has ken put to rest, but efforts to reduce this 
inefficiency contimle. 

IO tbe previous run, with no separators and 6 bunches per 
team, the beams coUided 12 times per revolution. This 
resulted in a beam-beam tune shift which severely limited 
tbe proton brightness, aad consequently tbe luminosity. 
(Brigbmess is tbe intensity divided by tbe emittance.) The 
implementation of separators in the Tevatron allow the 
beams to collide only at the two detector locations. Tbe 
subsequent increase s in the proton brigbmess (intensity I 
emittance) and the luminosity are given in tbe table. The 
gain realized in proton brightness contributing directly to 
luminosity was a factor of 2.7: 

120x10g I 16 n mm-m& in Run Ia vs. 
70x10g I25 x mm-mrad for the previous nm. 

The separators in tbe Tevamm provide two-dimensional 
helical orbits, not onedimensional pretzel-like orbits (in 
the horizontal plane only) as in other accelerators. Tbe 
separators functioned very well with only one spark in tbe 
fust 3C00 bows of system operation. Tbe sepambxs have 
been used to scan tbe beams through one another, and a 
summary of these results may be found in D. Siergiej et 
al.. in tbe Proceedings of the Particle Accelerator 
Conference 1993, Washington DC. 

The helical orbits allow tbe use of families of trim 
sextupoles (both normal and skew) for adjusting tie tmw 
and coupling of tbe proton and antiprotons beams 
independently. When sextupoles are used in this manner, 
they am called “feeddovm sextapoles”. 

Another important Tevatmn advance was the improved 
persistent current compensation during tbe initial stages of 
acceleration. Lack of proper compensation results in 
increased emittances for either tbe antiprotons or protons, 
or intensity loss, any of which degrade the initial 
luminosity. 

TIE improvements ia tbe Antiproton Source - especially 
tbe Accumulator stacktail system _ have resulted in 
bmeased stacking rates. The impmvemenrs consisted of: 

1) Using circuit board layouts instead of 3 dimensional 
loops for tbe kicker arrays provided mechanical 
tolerances of 75 pm instead of 750 pm, 

2) The installation of microwave dampers in tbe kicker 
tanks to absorb andesiid modes, and 

3) The number of kicker tanks was incxased from 3 to 10. 

Tbe development of techniques for stabilizing large 
antipmtm stacks has been necessary. Clearing electrodes 
have been used to help expel trapped ions which are the 
primary problem. However. the clearing electrodes alone 
are not enough. Counter circulating protons, and 
bunching of the antiproton core have also been found to 
have a stabiGng iniluence. Some of tbe observations of 
the effects of tmpped ions In tbe Antiproton Source were 
presented by P. Zbou and P. Colestock, S. Werkema et 
al., and A. Gerasimov, at tbe Particle Accelerator 
Coofemnce 1993, Washington DC. 

Other Antiproton Source improvements included changes 
to the Debuncber codbtg system and improved Debuacber 
to Accumulator transfer efficiency; these gave a factor of 
1.3 gain in stacking rate. Improved rf curves for 
antiproton unstacking resulted in better longitudinal 
emittane preservation. Tbis preservation is important due 
to the limited momentum apextare in tbe Main Ring. 

With these improvements, the production rate exceeded 14 
antiprotons per 106 protons on target. The smcking rate 
was typically 4.5~10~~ antiprotons I hour at modest 
stacks and 3.5~10~~ antiprotons I hour at stacks exeediig 
1012. llte largest antiproton stack used for a store was 
1.5~10*~, and tbe most number of antiprotons stacked in a 
week was u~kdo~~. 

Longitudinal instabilities in the Main Ring limit the 
efficiency of coalescing. (Coalescing is tbe process by 
which several - typically 11 _ bunches are combined into a 
single higb intensity bunch.) By speeding up tbe process 
of coalescing, so that tie instability does not have time to 
develop, the intensity of tbe coalesced bunches has been 
increased from 80x10g to greater than 125x10g. The 
“speeded up process” is called “snap coalescing”. For 
additional details, refer to X. Lu and G. Jackson, and I. 
Kowbanis et al., to be published in tbe Prweedmgs of the 
Partick. Accelerator Conference 1993, Washington DC. 

Additional Main Ring improvements included a feed 
forward system to reduce injection oscillations of 
atltipotoos. 

Collider Upgrade Plans 

lie table presents tbe plan for the upgrade of the collider. 
As noted ptwiously, tbe most recent ran (Run Ia) provided 
1 pb-’ per week with a typical initial luminosity in excess 
of 5x1d0 cmw2 set-l. (‘hii exceeds tbe original Tevatron 



I project goal by a factor of five.) The shutdown 
following Run la allows the final installation and 
mmmissioning of the Linac upgrade, and the installatioo 
dthecoldcomprewxs in the Tevatmn. The &egrated 
luminosity per week is expected to doable in Run Ib 
whicbisscbeduledtobeginiathefaUofl993. RonIlLs 
Dot expecti to provide much more inkgrated btminosity 
per week, but tbz energy of the Tevauon will be raised and 
the nm”ber of bnemctiws per cmssing WiII be greatly 
mduced by using 36 instead of 6 bunches per beam. 
Finally, a factor of five increase in the integrated 
lmnioosity will be provided by the Main Injector. 

Ike fum factor in tbe table describes the reductiw in the 
luminosity which occurs when the bunch length is 
mmpmble to the beta fonctiw. It appmacbes 1.00 if the 
beta function is much larger than the bunch length. 
However. this is not the case for the actoal case presented 
in the Tevamn as seen in the table where typically one 
only obtains about 2/3 of the luminosity one would 
naively expea tbm the bunch intensities. anittances and 
awsi”g me. 

Tlte Linac upgrade project will be completed in 1993. The 
kinetic energy of the H- ions provided by the Linx will be 
increased from 200 MeV to 400 MeV. This is 
accomplished by replacing the last four sections of the 
present drift tube linac with seveo side coupled cavity 
sections. The fust 100 MeV of energy will still be 
provided by tie original (20+ year-old) drift tube liaac 
tmks. ‘IbebeamwillbetmnsportedtotheBwstexwitha 
new 400 MeV beam transfer line. llx caImIamd redwtion 
in the space charge mot- shift Iimit for injenion into the 
Booster decreases by a factor of 1.75 which in principle 
allows for an equivalent increase in the proton intensity 
delivered by the Booster. However, the full utilization of 
this factor will not be attained until the Main Ring is 
Rplacea with the Main Injeua. 

Cold compressors and new valve boxes me to be instaIled 
ia the 24 helium refrigerators for the Tevatmn in the 
summer of 1993. These changes to the cryogenic system 
aIkw for s&atmospheric operation of the helium system 
and a subsequent redoctioo of the temperature of the 
superconducting cable in the Tevatmn magnets from 
4.5OK to 3.5oK. Low temperature tests with half of the 
Tevatmn have shown that this decrease in temperature is 
expected to raise the short sample limit of the cable and 
allow the beam energy of the Tevatmn to be raised from 
9OOGeVtolTeVformUderoperations. RtmIbwillbe 
wed to gain experience with lower temperature opaation, 
and the increase in energy is expected to become 
cpaational for Run II as shown in the table. 

As the table shows, the Main Injector WI result in typical 
bdtial btminosities in excess of 5xld* a&.~-~. 
The present collider operates with 6 proton and 6 
antipmon bunches colliding at the two deteaas, CDF and 
DO. For the present mn!igumtion. the minimum spacing 
between bunches is 185 buckets. For the present typical 
iniUaI luminosity, 5~10~0 cmm2 set-l, the number of 
imeractions In the detectors per btmch cmssing is 0.79 
(assmning a ems section of 45 mbams). For Ron lb, 
typical initial lomhmsities are expected to exceed lxldl 
aW2 set-l. Smce the number of btmcbes per beam will 
remain at 6. the number of intemctioas per crossing will 
exceed 1.57. certain types of physics - not incloding the 
dismvay of the top quark - are done more efficiently if the 
number of interactions per crossing is kept below we. 
For Run II, the number of bunches per beam will be 
iocreased IO 36. in order to reduce the number of 
interactions per crossing to 0.26. For this mntigaation. 
the minimum spacing between bunches will be 21 
buckets. 

With the Main Injector, the typical initial lumioosity will 
exceed 5x1031 cm-2 set-1, and the number of imemctions 
per cmssIng wIU exceed 1.31. again exceeding one. If the 
physics program requires it some modest impmvemenls 
IO the Antiproton Source and the Tevatmo can provide 99 
bunches per beam with 7 bucket spacing. This would 
keep the number of intemctions per crossing near one for 
luminosities of 1 x Id2 car2 set-l. 

Additional demils of bunch loading schemes can be found 
in J. Holt et al., to be published in the Rweedings of the 
Particle Accekata Confermoe 1993, Washingtoo D.C. 

llwe are sewal improvements needed in the Antiproton 
Some to nzalize the upgrades given in the table. An h=4 
d system in the Acmmulator will allow tbz delivery of 36 
rather lban 6 bunches. Improvements in Debtmcber 
moling include rebuilding the pickups to allow for 2 - 4 
GHz operation and cooling the pickups to 20 OK. 
Inaases in the apermres of the Acctttnalator. Debunder 
and Ibe beam transfer lines a~ also being evaluated. 
Finally. the Main Injector will detiva sufiicieut intensity 
at 120 GeV to the antiproton production target that the 
target is not expected to smvive the shock. R&D on a 
tan sweeping system has begun. 

l%e purpose of the Main Injector is to remove the Main 
Ring bottleneck in the delivery of high intensity proton 
and antiproton beams to the Tevatmn. The Main Injecmr 
will remove backgrounds fmm the CDF and (especially) 



tbeDod?%cIa,cI”cetbeMai”Ri”g-wbkbcbarectbe 
m”“elwitbtbedeteuorc-wa”olo”gaheuced. ne 
Main Injecmr will aBow for test beams and fixed target 
PbY- Y= lw”d. 

Most of the wetlands mitigation has beeu mmpleted for 
the Main Iajecxu. Croondbreaking fa the project was 
Mad 22, 1993 and civil mnctmctiw for the MI-60 
mclos~ cod service building has begun. -Ibis blming is 
at the point of tangency between the Tevatron and the 
Main Injector and will contain the rf for the new 
accelerator. This building also services the principle 
access point to the Main Injector tunnel. The R&D for 
the project has pmduced several dipo1e.s which have met 
the required feld quality. A pmtotype 200 kWatt power 
atnpIitier has been tested, and tests of the R&D dipole 
power supply wGu v / 10,ooo Amps) will begin in the 
cnmmer of 1993. 

The funding profile in the Resident’s FY94 Budget 
Request allows initiation of operations with the Main 
Injector in the smnnm of 1998. 

‘Ibe Tevatmn Collider ma beautifully for Ran Ia, and its 
hunhmsity goals were alI met or exceeded. Fwnilab is 
continuing aIoog a path which will increase the 
Iuminadty by another factor of ten over the remain& of 
the decade. The Tevatron mmplex offers challenging 
msearcbopportunities,bothinthemming&ca&andinto 
the 21st cemmy. 

Final Note 

l%eambawisbectotbankaUtbzmanyrscderataa0d 
high energy physics mllabaata-s who have contributed to 
theworks . dinthispapex,althoogbonlyafewof 
their contributions are mentioned by name. Each 
individual’s professional contributions to the team effort 
have made it a pleasure to describe an cmgoiog success 
mycssm”“i”gasthe-cooider. 

Table of Fermilab Collider Upgrade Parameters 

1989 la Ib ‘I 

1.5x101 1.5x1011 
4.5x1010 7.5x109 

E :z 
0.35 0.35 
900 1000 

:5 
0:65 

o”5 
0:65 

Main Injector 

;:::$i . 

;!i 
tlUIt-ttll-ad 
Ulttl-mrad 

0.5 
1000 &” 

0.65 36 m 
0.68 

Protons/bunch 
Pbars/bunch 
Proton emittance 
FYJaremiaance 
Beta at IP 
Beam Energy 
Number of Bunches 
;z;h;;e%; W.4 

7.0x1010 1.2x101 1 
2.9x1010 3.6~1010 
25 16 

Ii:55 ZO 

Luminosity* 

900 900 

g.65 :5 
0.7 1 0:76 

1.60x1030 5.37x1030 

Integtated Luminosity 0.32 1.08 

Bunch spacing 
Interactions I crossing 
(@ 45 mbam) 

E E 
Antiproton tune shift 
Proton tune shift 

0.025 0.011 
0.014 0.003 

What’s New? Separators, -^- 

1.03x1031 1.15x1031 5.60~1031 cm-2sec-1 

2.08 2.31 11.28 pb-l/week 

3oQo 396 396 ttsx 
1.62 0.30 1.47 

0.014 0.014 0.016 
0.004 0.001 0.002 

I.ditw Faster Kickers h4ain Injector 
IN Dt?tector. and 
Pbar Improvements Cold Compressors 

*Typical luminosity at the beginning of a store; translates to integrated luminosity with a 33% duty factor, 


